INTRODUCTION
Outbreaks of influenza A viruses cause morbidity and mortality in mammals and birds worldwide. Although it remains difficult to prevent or even predict new influenza outbreaks, surveillance in animals and birds can facilitate early recognition of new threats. 1 Given the number of unique viruses emerging from animals and birds, surveillance efforts should include a diverse range of wild and domestic animals. 2 While there are extensive influenza surveillance efforts in many parts of the world, the prevalence and diversity of influenza viruses in South America remains largely unknown, especially in Colombia, 2 the second most biologically diverse country and home to approximately 10% of the world's species. 3, 4 Colombia's biodiversity reflects its varied ecosystems, including tropical rainforests, coastal cloud forests and open savannas. Colombia also has diverse avifauna, including more than 1800 resident species; further, its location on three major migratory routes makes it a stop-over site for approximately 180 migratory bird species. 5, 6 Colombian wetlands provide habitat for at least 98.3% of the migratory waterfowl and 57% of the resident waterfowl in the country. 7 Additionally, Colombia has active swine and poultry industries that include domestic husbandry and live animal markets, providing the optimal setting for mixing of wild birds and domestic animals.
With the exception of a report of avian H9N2 influenza infection in asymptomatic broiler flocks in Tolima in the mid-2000s, 8 there have been no studies of the prevalence of influenza viruses in domestic animals or wild birds in Colombia. We therefore undertook a 2-year surveillance study in the Llanos region of Colombia, a neotropical savanna in the Orinoco river basin. This savanna is considered one of the world's richest tropical grasslands; it has numerous ecosystems that provide habitat to a large number of resident and migratory birds and diverse agricultural species. 9 The prevalence of influenza viruses in diverse species within a small area of Colombia highlights the need for enhanced surveillance throughout South America, including monitoring of the potential transmission of low-pathogenic H5N2 viruses from wild birds to domestic poultry.
MATERIALS AND METHODS
Surveillance sites and sample collection All sampling activities were performed or supervised by trained veterinarians and approved by the St Jude Children's Research Hospital Institutional Animal Care and Use Committee. The study was conducted between 2010 and 2012 in the Los Llanos region of Colombia, within a 90-km radius around Villavicencio (coordinates N04 6 04' 23.3'' and W73 6 34'54.8'') in Meta province ( Figure 1 ). Samples were collected with single-use polyester sterile swabs and stored separately in single plastic cryovials containing 1 mL of phosphate-buffered saline with 50% glycerol, penicillin 10 000 IU/mL, streptomycin 5 mg/mL, gentamicin sulfate 1 mg/mL, kanamycin sulfate 700 mg/mL and amphotericin B 10 mg/mL (Sigma Chemical Co, St Louis, MO, USA). Samples were stored on ice at 4 6 C for a maximum of 2 days before long-term storage at 270 6 C.
Wild birds. Two thousand and thirteen fecal samples were collected from wild birds at nine sites within 4 areas representing different ecosystems, habitats and landscapes: (i) piedmont or foot slope savanna; (ii) plains; (iii) wetlands; and (iv) rice fields. Specific sampling points were selected within each of the nine sites according to the following criteria: (i) records of the presence of resident and migratory waterfowl; (ii) the presence of resting or feeding areas for groups or flocks of wild birds; and (iii) interactions among humans, wild birds, and domestic animals. Each site was sampled at least twice per year. Domestic poultry. One thousand one hundred and eighty-eight cloacal swabs and fecal samples were collected as previously described 10, 11 from domestic poultry at 11 sampling sites that included backyard poultry operations, small farms and slaughterhouses, Each site was sampled at least once per year.
Horses. Two hundred and twenty nasopharyngeal swabs were collected from horses at seven sampling sites, including farms and stables, as previously described. 12 Each site was sampled at least once per year.
Swine. Six hundred and seventy-eight nasopharyngeal swabs were collected from swine at five sites, including farms and slaughterhouses, as previously described. 11, 13 Each site was sampled at least once per year.
Virus detection and isolation Viral RNA was extracted from 50 mL samples on a Kingfisher Flex Magnetic Particle Processor (Thermo Fisher Scientific, Waltham, MA USA) by using the Ambion MagMAX-96 AI/ND Viral RNA Isolation kit (Life Technologies Corporation, Grand Island, NY, USA). RNA was screened by using a Bio-Rad CFX96 Real-Time PCR Detection System on a C1000 Thermocycler (Bio-Rad, Hercules, CA, USA), with TaqMan Fast Virus 1-Step Master Mix (Applied Biosystems, Foster City, CA, USA) and primers/probe specific for the influenza M gene (CDC, Atlanta, GA, USA).
14 Samples with a fluorescence cycle threshold value ,40 were considered positive. Efforts were made to isolate virus from all real-time reverse transcriptase polymerase chain reaction (RT-PCR)-positive samples in either embryonated chicken eggs or cell culture, as previously described. 15, 16 Virus titers were determined by the method of Reed and Munch 17 on the basis of the 50% tissue culture infectious dose (TCID 50 ) in Madin-Darby canine kidney (MDCK) cells or the 50% egg infectious dose (EID 50 ).
Sequencing and phylogenetic analysis
Reverse transcription of viral RNA from the original sample, followed by PCR with specific primers (primer sequences available upon request) for each gene segment, was performed as described previously. 18 Sanger sequencing was performed by the St Jude Hartwell Center and sequences were aligned by using the ClustalW and Bioedit programs. 19, 20 The eight gene segments were phylogenetically analyzed on the basis of their nucleotide sequences. Phylogenetic analysis used MEGA version 5.05 software with the neighbor-joining method, Kimura two-parameter model. 21 Virus strains were clustered on the basis of nucleotides, and only dominant clusters were used to infer phylogenetic relationships. The nucleotide sequences obtained in this study are available from Genbank under accession numbers KC703309 to KC703350. Cells MDCK cells were cultured in Eagle's minimum essential medium (GibcoInvitrogen, Carlsbad, CA, USA) supplemented with 2 mM glutamine and 10% fetal bovine serum (Gemini BioProducts, West Sacramento, CA, USA) and grown at 37 6 C in 5% CO 2 . Well-differentiated (transepithelial resistance .1000) primary normal human bronchial epithelial (NHBE) 
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EA Karlsson et al 2 cells were purchased from MatTek Corp. (Ashland, MA, USA), maintained by daily washing with 0.9% sodium chloride, and incubated at the air-liquid interface at 37 6 C and 5% CO 2 . The basal surfaces remained in contact with AIR 100 growth medium (MatTek Corp.), which was replaced every 24 h.
In vitro virus replication MDCK cells were infected at a multiplicity of infection (MOI) of 0.01 for 1 h at 37 6 C. Cells were washed three times to remove unbound virus and cultured in appropriate medium containing 0.075% bovine serum albumin and 1 mg/mL L-1-tosylamide-2-phenylethyl chloromethyl ketone-treated trypsin. Aliquots of culture supernatants were collected at 24 and 48 h post-infection (pi) and immediately stored at -70 6 C. For infection of NHBE cells, basal medium was removed and replaced with Dulbecco's modified eagle medium. The apical surface was washed twice and incubated with fresh, serum-free Dulbecco's modified eagle medium containing virus for 2 h at 37 6 C, after which both apical and basal medium was removed and fresh growth medium was added to the basal chamber. At 6, 24, 48, 72 and 96 hpi, Dulbecco's modified eagle medium was added to the apical surface and the culture was incubated for 30 min at 37 6 C. The medium was collected and stored at -80 6 C for virus titration.
Animal experiments
All experiments and procedures were approved by the Animal Care and Use Committee at St Jude Children's Research Hospital.
Mice. Six-to eight-week-old female BALB/c mice (n510; Jackson Laboratory, Bar Harbor, ME, USA) were lightly anesthetized with isoflurane and intranasally inoculated with 10 5 TCID 50 of virus in 25 mL phosphate-buffered saline. Mice were monitored daily for clinical signs of infection 22 and weighed every 48 h. At different times, three mice were euthanized and tissues were harvested. The large lung lobe was washed and immediately stored in 10% buffered formalin for histological analysis. The remaining lobe and extrapulmonary tissues were homogenized in 1 mL phosphate-buffered saline for virus titration.
Chickens. One-day-old white leghorn hatchlings (n510; Charles Rivers, Wilmington, MA, USA) were provided food and water ad libitum and raised under specific pathogen-free conditions for 8 weeks before use. To determine the intravenous pathogenicity index (IVPI), 8-week-old chickens (n55 per group) were intravenously inoculated with a 1:10 dilution of egg-grown virus in a volume of 100 mL. Animals were monitored for signs of illness for 10 days and scored (05healthy, 15ill, 25severely ill, 35dead) according to the World Health Organization Manual on Influenza Diagnosis and Surveillance. 23 The IVPI was calculated from the mean score and used to assign one of three pathogenicity indices: highly pathogenic, non-pathogenic or intermediate. 24 To determine virus shedding and pathogenicity after inoculation via natural routes, 8-week-old specific pathogen-free chickens (n55 per group) were infected by intraocular, intranasal and intratracheal inoculation with 10 6 EID 50 of virus in a volume of 0.5 mL and monitored daily for clinical signs of infection. To assess virus shedding, cloacal and tracheal swabs were collected from all birds every 48 h for 12 days. Swabs were stored in 1 mL (cloacal) or 0.5 mL (tracheal) viral transport medium at -70 6 C for virus titration in eggs.
Statistical analysis
Experimental data were analyzed by using JMP Statistical Software (SAS Institute, Cary, NC, USA) and the statistical software package in Prism (GraphPad, La Jolla, CA, USA). Nonparametric data were compared by using the Kruskal-Wallis test. Normally distributed data were analyzed by two-way ANOVA with virus and day post-infection as main effects. Student's t-test was used for post hoc comparison of groups. Differences were considered to be statistically significant at P,0.05 (a50.05 was prospectively selected).
To determine whether location or seasonal/climatic conditions affected viral prevalence within each species, we grouped the surveillance sites into four general locations (Villavicencio, Ariari, Puerto Lopez and Pachaquiaro) and established two periods, dry season (December-March) and rainy season (April-November), on the basis of historical climate records (mean temperature, rainfall, and relative humidity for the past 20 years, published by the Meteorological and Environmental Studies Institute of Colombia). Viral prevalence was compared across species by using the Pearson x 2 test or Tukey's multiple comparison test in Excel 2007 (Microsoft Corporation, Redmond, WA, USA). Differences were considered statistically significant at P,0.05.
RESULTS

Prevalence of influenza viruses in the Llanos region of Colombia
During 2010-2012, we collected more than 4000 swab samples from horses, swine, domestic poultry and wild birds at various sites within the Llanos region ( Figure 1 ) and screened RNA in the samples by realtime RT-PCR. As shown in Table 1 , 13.4% of swine, 4.1% of horses, 3.6% of wild birds and 2.6% of poultry tested were influenza-positive. The proportion of positive samples differed significantly by species, location and even collection season (P,0.05). The Villavicencio region had the highest rate of positive samples (6.3%, n52389), followed by Puerto Lopez (5.0%, n5378), Ariari (2.9%, n5382) and Pachaquiaro (2.53%, n5949). Samples collected during the rainy season (AprilOctober, 6.9%) were significantly more likely to be positive than those collected during the dry season (November-March, 2.9%) (P,0.05).
The majority of positive horse swabs were collected at a farm in the Ariari region, while the majority of positive swine and poultry swabs were collected at an abattoir in the Villavicencio region. This abattoir regularly purchases animals from farms throughout the province, limiting our ability to identify the origins of positive animals. The majority of positive poultry samples were from domestic chickens (Gallus gallus domesticus, n51003), which also had the highest prevalence of influenza infection among poultry (2.8%). Positive samples were also collected from a Japanese quail (Coturix japonica) and from domestic ducks (Anas platyrhynchos domestica). Unfortunately, attempts to isolate viruses from positive horse and poultry swabs and to identify their subtypes were unsuccessful, a not unexpected result given the sensitivity of real-time RT-PCR. The majority of samples had cycle threshold (C t ) values around 37-39, whereas isolation is ideally achieved at or below a cycle threshold value of 33.
25-27
Detection of pandemic H1N1 (pH1N1) influenza virus in swine Of the 91 positive swine samples (Table 1) , the majority (91.2%) were obtained on two separate dates at an abattoir and 2.5% were collected on farms. None of the animals exhibited clinical signs of infection. We were able to subtype 33 positive samples by conventional RT-PCR and Sanger sequencing and found that all were pH1N1 virus.
To determine whether any of the swine pH1N1 viruses were reassortants, we performed full-length sequencing of RNA from positive swabs. Phylogenetic analysis of four different samples confirmed that the pigs were infected with unaltered pH1N1 virus; genetic identity to other pH1N1 viruses ranged from 97% to 100%. The Colombian swine viruses clustered with other human and swine pH1N1 isolates (Figure 2 and Supplementary Figure S1 ). The hemagglutinin (HA) sequences of viruses from the first and second sampling dates differed from one another and differed significantly from the HAs of known pH1N1 pandemic strains (bootstrap values of 85 and 75, respectively) ( Figure 2A) . Similarly, the NS, NP and PA sequences showed temporal clustering ( Supplementary  Figures S1B-S1D ). The NA sequences of pH1N1 showed no specific phylogenetic pattern ( Figure 2B ), nor did the M, PB1 or PB2 sequences (Supplementary Figures S1A, S1E and S1F). The M genes of three of the four isolates appeared to form a subclade different from those of other pH1N1 viruses (Supplementary Figure S1D) , although additional viruses must be analyzed to confirm this finding. To our knowledge, this is the first report of pH1N1 virus in Colombian swine. Further, these findings differ from our early-2010 seroepidemiology study showing antibodies against classical swine H3N2 viruses in the Los Llanos swine (unpublished data). These findings demonstrate the need for ongoing surveillance, most importantly to ensure that Colombian pigs are not shedding reassortant pH1N1 and H3N2 viruses like those currently found in North American swine herds. 28, 29 Isolation of H5N2 influenza virus from whistling ducks To date, there have been no reports of influenza viruses in Colombian wild bird populations. Of the 2013 samples collected from diverse wild bird species throughout the Llanos region (Supplementary Table S1 ), 58 (,3.0%) were positive. Although most of the positive samples were derived from mixed or unknown species, positive samples were identified in the Anseriformes, Charadriiformes, Passeriformes and Pelicaniformes orders. Two influenza viruses were isolated from resident whistling ducks (genus Dendrocygna): A/black bellied whistling duck/Colombia/1/2011 (A/BBWD/Colombia/1/2011) and A/white faced whistling duck/Colombia/1/2011 (A/WFWD/Colombia/1/2011).
For comparison of the Colombian wild bird viruses with other avian influenza viruses, we performed full-length sequencing on the viral isolates followed by phylogenetic analysis (Figure 3 and Supplementary Figure S2) . In analyses of all gene segments, the two Colombian H5N2 viruses were more closely related to each other than to any other influenza virus, and they formed clusters significantly distinct from those of the other strains analyzed. The gene segments of both viruses clustered with North American avian influenza viruses rather than with Central or South American avian influenza viruses ( Figure 3) ; comparison of their relation to the North American vs. non-North American H5 lineages yielded a robust bootstrap value of 100. This finding may reflect the scarcity of influenza data from wild birds in Central and South America.
In the HA gene analysis, the closest relative was an H5N2 virus isolated from a wild duck in Ohio in 2004 (96% nucleotide similarity) ( Figure 3A and Supplementary Table S2 ). Like other viruses in the North American lineage, the Colombian H5 viruses had a deduced amino-acid sequence of PQRETR*GLF at the multibasic cleavage site, a receptor binding domain suggesting avian specificity and inability to replicate in the absence of trypsin (signifying low pathogenicity) ( Table 2 ). Like the HA segment, the NA genes of the Colombian viruses were more similar to each other than to any other strain or cluster in the North American clade of N2 viruses containing long NA stalks ( Figure 3B and Table 2 ). The nearest relative to both strains was identified by the N2 sequence of A/mallard/MN/1/2000 (96% nucleotide similarity). The internal genes of the two isolates had 90%-98% sequence identity with those of their nearest relatives (Supplementary Table S2 ).
Pathogenicity and replication of the Colombian H5N2 isolates in poultry
To evaluate the pathogenicity of the Colombian H5N2 viruses in chickens, groups of 6-week-old chickens (n55/virus) were inoculated by natural route with the Colombian viruses and monitored for clinical Figure 3 Phylogenetic trees of the HA (A) and NA (B) genes of H5N2 influenza viruses isolated from whistling ducks in the Llanos region of Colombia. Trees were generated by using the neighbor-joining method in MEGA software. The HA tree is based on full genetic sequences from representative H5N2 viruses from Central/ South America (dark blue), North America (light blue) and Eurasia/Oceania (yellow). The NA tree is based on full genetic sequences of representative HxN2 viruses from Central America (dark blue), North America (light blue/light orange), South America (dark orange) and Eurasia/Oceania (light yellow) and is divided into short (blue) and long (yellow) stalk lengths. Strains characterized in this study are shown in black italics. Scale bars represent the number of substitutions per site.
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signs of infection. Cloacal and tracheal swabs were collected for 8 days pi (Table 3 ). Although none of the chickens exhibited clinical signs of disease, 20% of those inoculated with A/WFWD/Colombia/1/2011 shed virus from the cloaca through day 4 pi, with a peak virus titer of 10 5.5 EID 50 /mL at day 2 pi (Table 3) . Similarly, 40% of birds inoculated with A/BBWD/Colombia/1/2011 shed virus cloacally at day 2 pi (peak titer of 10 4 EID 50 /mL); only one bird was shedding by day 4 pi. There was no cloacal shedding after day 4, and no birds shed virus from the trachea. Both of the Colombian H5N2 viruses were nonpathogenic in chickens, with an intravenous pathogenicity index of 0 (Table 3) .
Replication of the Colombian H5N2 isolates in vitro and in mice To assess replication in mammalian cells, MDCK and NHBE cells grown in an air-liquid interface were infected with the Colombian viruses at an MOI50.01, and viral titers were monitored. Both viruses had comparable titers at 24 and 48 hpi in MDCK cells, reaching approximately 10 7 TCID 50 /mL by 24 hpi ( Figure 4A) . Surprisingly, the viruses also replicated in NHBE cells, although their kinetics were slower than those of the A/California/04/2009 (CA/09) H1N1 virus ( Figure 4B ). Titers of the Colombian viruses were 4 logs lower than those of CA/09 at 24 hpi, but were comparable by 48 hpi. These Table 3 Growth and pathogenicity of the Colombian H5N2 viruses in chickens Figure 5A) ; low viral titers were observed at day 3 pi, and virus was completely cleared by day 6 pi ( Figure 5B ). No significant histological lesions were observed in the lungs of mice inoculated with either strain (data not shown). These findings did not justify tests of the pathogenicity and transmission of these viruses in a ferret model. In summary, although the Colombian H5 viruses replicated in mammalian cell culture, they replicated only to a minor extent in inoculated mice and did not cause morbidity.
DISCUSSION
Few other studies have investigated the prevalence of influenza viruses in diverse species in Colombia. The Llanos region, one of the world's richest tropical grasslands, provides habitat to a large number of resident and migratory birds. 9 There is also extensive agriculture in the area, creating unique environment in which diverse species of migratory waterfowl are in contact with horses, swine and poultry, especially via backyard farming. For this reason, it was not surprising to find realtime RT-PCR evidence of influenza virus infection in a wide range of species. Swine showed the highest prevalence of infection (13.4%), a rate much higher than the estimated prevalence of 4% in North American swine herds (personal communication, RJ Webby, St Jude Children's Research Hospital). Anti-influenza antibodies have previously been identified in swine in Brazil, Argentina, Venezuela, Chile and Colombia. 30, 31 However, only one other study has identified influenza infection (with a human H3N2 virus) in Colombian swine. 31 Early during our surveillance (February 2010), we found antibodies to classical swine H3N2 viruses in swine in the Llanos region. However, by December 2010, pH1N1 virus was the only strain detected. Given that the swine viruses were identical to circulating human pH1N1 strains, they may have been introduced into swine by reverse zoonosis. The different sampling dates and the formation of two distinct clusters within the pH1N1 branch suggest two such events. As the majority of our surveillance was performed at abattoirs, we cannot comment on clinical disease in the swine herds, although it is interesting that most 
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It raises concern that we found evidence of more recent infection of swine herds throughout Colombia with both pH1N1 and classical swine H3N2 viruses. In many parts of the world, there is evidence of continued reassortment between pH1N1 and classical swine H3N2 and H1N1 viruses. Several of these reassortants have crossed into humans, 28, 29, [32] [33] [34] [35] [36] the most recent being the novel reassortant H3N2 viruses currently infecting humans in the United States. 28, 29, [37] [38] [39] Similarly, swine in Argentina have been found to be infected with pH1N1 and seasonal human reassortants. 40 These findings highlight the need for surveillance throughout Latin America to elucidate the extent of influenza prevalence and strain-specific prevalence in swine and the potential transmissibility of reassortants from swine to humans.
We also found that 2.6% of poultry and 3.6% of wild birds tested were positive for influenza virus. Both viruses and antibodies have been isolated previously from wild birds and poultry in South America, including H7 and H9 subtypes in Argentina, Chile, Bolivia, Colombia, Peru and Brazil. 8, [41] [42] [43] [44] [45] [46] However, our study is the first to isolate H5 viruses in South America. H5-positive sera previously reported in Chilean poultry farms were later linked to a contaminated batch of vaccine. 45 Our low-pathogenic H5N2 viruses were isolated from two species of resident whistling ducks, which are fairly common in Colombia both east and west of the Andes and are generally found in freshwater ponds, marshes and flooded fields. 47 In Nigeria, white-faced whistling ducks were found to be healthy carriers of highly pathogenic H5N2 viruses. [48] [49] [50] Both white-faced and blackbellied whistling ducks are generally considered non-migratory resident species; therefore, these viruses may have been introduced by migratory birds wintering in Colombia. Further, all of the virus genes from both white-faced and black-bellied whistling ducks clustered with sequences from wild migratory birds of the North American lineage (nucleotide similarity, 90%-98%), unlike the Argentinian H6 viruses that clearly evolved from South American-lineage viruses. 44, 51 Alternatively, the Colombian viruses may be part of a larger 'South American' lineage yet to be identified by surveillance in South American wild birds.
Although the H5N2 viruses were low-pathogenic (IVPI scores of 0) in chickens, 52 they replicated and were cloacally shed by 20% of inoculated chickens through day 4 pi. While the proportion of chickens shedding virus and the replication kinetics matched those of other low-pathogenic H5N2 strains, 53 the efficient replication of these viruses indicated that they have the potential to spread if introduced into domestic poultry populations; therefore, they warrant continued surveillance.
The Colombian H5 viruses replicated efficiently in MDCK and NHBE cells; however, H5N2 virus infection was associated with little to no morbidity and limited viral replication in Balb/c mice. These findings suggest that the Colombian H5N2 viruses isolated from wild birds do not require immediate intervention, because (i) they do not contain the multibasic cleavage site or stalk deletion associated with highly pathogenic viruses; (ii) they were not highly pathogenic in inoculated chickens; and (iii) they do not replicate efficiently in a mammalian model. However, these studies highlight the need for continued influenza virus surveillance in Colombia and throughout South America.
Supplementary Information for this article can be found on Emerging Microbes and Infections's website (http://www.nature.com/ emi/).
